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* Recent developments in EFT methods:

-Factorization, Resummation, parton showers, jets, ...
- Isolated Drell-Yan, Event shapes, jet vetoes (Stewart, Tackmann, Waalewijn; Kelley, Schwartz,...
- Higgs Production, Threshold resummation (Becher, Neubert, Pecjak,...)

- Fragmentation functions (Procura, Stewart,...)
- Parton Showers (Bauer, Baumgart, Hornig, Schwartz, Stewart, Tackmann, Thaler, ...)

- many others...



Transverse Momentum Spectrum
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Low p T Region

* The schematic perturbative series for the pT S—_—

distribution for pp — h + X

1do 1 M? M? M?
—— ~ = Ajagln 5 A2a%|n3 5 Anangn_l 5
Ude Pr P P P

Large Logarithms spoil
perturbative convergence

* Resummation has been studied in great detail in the Collins-

Soper-Sterman formalism.

(Davies, Stirling; Arnold, Kauffman; Berger, Qiu; Ellis, Veseli, Ross, VWebber; Brock, Ladinsky Landry,
Nadolsky;Yuan; Fai, Zhang; Catani, Emilio, Trentadue; Hinchliffe, Novae; Florian, Grazzini, Cherdnikoyv,
Stefanis; Belitsky, Ji,.... )

* Resummation has also been studied recently using the EFT
approach. (Idilbi, Ji, Yuan; Gao, Li, Liu; SM, Petriello; Becher, Neubert)




Low p T Region

A(P4) + B(Pg) — C(Q)+ X, C=~Ww*2h

* The transverse momentum distribution in the CSS
formalism is schematically given by:

doaB—cx _ dgg%si%))( | dgggﬁcx
dQ? dydQ3  dQ*dydQ% =~ dQ? dy dQ3

/

Most singular
contribution

Soft or collinear
.. —_— - = =
pT emission



Low p T Region
/[

(Y)
doap—cx - dosp_cx
2 2 | 2 2
dQ)? dy dQ)> dQ)? dy dQ7
dgga)ﬁcx _ dafféri)ox dgfz?:%x

* Singular as at least
Q7" as Qr — 0

dQ? dy dQ% ~ dQ*dydQ%  dQ?dydQ%

* Obtained from fixed

* Important in ,
order calculation.

region of small Qr.

e Treated with * Less Singular terms.

resummation. .
* Important in

region of large Qr.



EFT Framework



EFT framework

* Low pT region dominated by soft and collinear emissions
from initial state:

P B

finite pT finite pT

* Soft and Collinear emissions dominate the low pT distribution:

Pn ™ mh(n 1 77)7 P ™~ mh(lanzan)a Ps ™~ mh(nvnvn)v

* Hierarchy of scales suggests EFT approach with well defined
power counting.

my > pr > Ngcp,  pr~Agep



EFT framework

* Low pT region dominated by soft and collinear emissions
from initial state:

P B

finite pT finite pT

* Colliding parton is part of initial state pT radiation beam jet:

<«—— Initial State jet
of pT radiation

* Gives rise to impact-parameter Beam Functions (iBFs). (SM,Petriello)
Analogous beam functions arise in other processes:

(Stewart, Tackmann, Waalewijin; Fleming, Leibovich, Mehen)

e Soft recoil radiation is restricted. Gives rise to a soft function.



= EFT framework

—O= QCD(ny = 6) = QCD(ny = 5) — SCET,,, — SCET .,

Top quark >

integrated out. @

Matched onto

SCET. > @

Soft-collinear S
factorization.
Matching onto S @
PDFs.
d*o y X
5 ~ H X g@] 0 f@ X f] Newly deﬁn.ed objects d.esc.:ribing
dedY soft and collinear pT emissions




Integrating out the top
ONONO

< We are here

€S
* Effective Higgs production operator

h Q 11 o
— ~Ge GHv — % 14 ° 2
,Cmt OGGh 3 G/U/ Ga ] CGGh 127T { 4 - O(()f )}

T

Two loop result for
Wilson coefficient.

(Chetyrkin, Kniehl, Kuhn, Schroder, Steinhauser, Sturm)



Matching onto SCET

* Matching equation:
Oqep :/dwl/de Clwr,w2) O(wr, wa) T -
QCD SCET

Tree level matching

Matching real
- emission graphs

Soft and Collinear emissions
build into Wilson lines

determined by soft and collinear
gauge invariance of SCET.

o Effective SCET operator:
O(wi,ws) = guh T{Tr [SH(QBZJ_)




SCET Cross-Section

We are here
OONO e SCET differential cross-section:
d’o LH / d’ph, / dn - ppdn - p

dudt  2Q2l4) ] (2r)? 2(27)?2

X S(u—(py—pn))o(t — (pr —p)?) > Y |Clwr,we) @ (WX, Xn X Owr, ws)pp) |°

initial pols. X
X (271')45(4)(]?1 + p2 — PXn - PXﬁ - PXS _ph)a

(2m)0(n - pp + 0 - pr)d(n - ppi - pp — ﬁ}i —m;)

* Schematic form of SCET cross-section:

d2
d /PS|C®<0>|2

dde/ I \

Phase space Hard SCET matrix
integrals. matching element.
coefficient. A

Apply soft-collinea
decoupling



@ SCET Cross-Section
‘/t\.(_ We are here
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~HXB, ® B RS

T NN

Hard function Impact-parameter Beam Soft function
Functions
(iBFs)
Describes collinear Describes soft

pT emissions pT emissions




@ SCET Cross-Section
‘/t\.(_ We are here

d2
@ ~ H®B, B S

Pl NN

Hard function Impact-parameter Beam Soft function
Functions
(iBFs)
Describes collinear Describes soft
pT emissions pT emissions

Unintegrated
: nucleon distribution functions
D 50
55X




5 SCET Cross-Section

dn? d
N

Hard function Impact-parameter Beam Soft function
Functions
(iBFs)
Describes collinear Describes soft
pT emissions pT emissions

Presence

of soft function.
Plays an important
role in the structure
of factorization.




=>  SCET Cross-Section

* Formula in detail:

d*o ( ) d2bl L Hard
dudt — 28Q2/dphdph/dkh/ o

!

u—my, +Qp, | [t —mj + Qpy] [phpE—EiL—mﬂ/dwldwz\C(wl,wz,u)\Q

(Ve
0|
X /dk:dkg Bgﬁ(wla k;z,i—abJ_nu) Bﬁaﬁ(w% kgab_l_wu) S(wl _pf: - kT;?wQ _p:; - k:7 bJ-?:u)

) t )

n-collinear bn-collinear Soft
iBF iBF

* iBFs and soft functions field-theoretically defined as the
fourier transform of:

Jowra wpw) = Y (nl[gBis(x, 20)0(P — wi)gBi, o (0)] |p1)
initial pols.
eyt m) = ) (pal[9Bi s,y )0(P — wa)gBih, 1 o (0)] [p2)

initial pols.

S(z, 1) = (O|T [Tr (sﬁTDs;SnTCs;) (z)} T [Tr (SnTCS;QSﬁTDS%) (0)} 0)



Equivalence of Zero-Bin & Soft Subtractions

* Zero-bin iBF reproduces soft graphs. This is the equivalence of

zero-bin and soft subtractions in SCET. (Stewart, Hoang; Lee, Sterman; Idilbi,
Mehen; Chiu, Fuhrer,Kelly, Hoang, Manohar;...)

o HeB ®B S
dpQTdYN X <®/n®

Zero-bin Subtraction in
order to avoid double  (Manohar, Stewart)
counting the soft region.

By (w, k*, by, i) = By (w, kb1, ) — BE o (w. k5, b1, )

! 1 I

Purely Collinear iBF “Naive” iBF Zero-bin iBF
Equivalent to soft graphs



Factorization in SCET

2
d ~H®B, ®B. 5!

RNV

Hard function Impact-parameter Beam Inverse soft
Functions function
(iBFs) (iSF)
Physics of hard scale. Describes collinear Describes soft
Sums logs of mh/pT. pT emissions pT emissions

Analogous factors and soft-subtractions also

appear in TMD-factorization formalism:
Drell-Yan, SIDIS

(J.C.Collins, F. Hautmann; X.-d.Ji,
J.PMa, FYuan; Belitsky; Aybat,
Rogers,...)




Factorization in SCET

(ﬁ We are here
d2
— d d koL/ k+d2kL/dk koL/d‘lk
@ @ T e NQ_HSQQ/nph/wh/
X/ddexL/dde /

2(2m)3 2(2m)3
X 5(u—m%JrQﬁ-ph)(?(t—mi—l—Qn-ph)(S(’ﬁ'ph?’b'ph—gﬁ—mi)

_+ ikt i s
knx™ —tk; xJ_€2k:y —iky yJ_ezk:z

€2

(2m)*

X /dwldMQ‘C(wlaw%/’L)‘Q‘]fr?ﬁ(wlax_7xJ_7M) Jﬁaﬂ(w27y+7yJ_7:u) S(Z,M)
X O (w1 — - pp—ky — k) 8(wy — pif — k= kD)0 (ki + Ky + by + ki),

Residual light-cone momenta
regulate spurious rapidity
divergences.

* iBFs and iSF are regulated by kinematics of the process and
free of rapidity divergences.

* iBFs are fully unintegrated nucleon distributions instead of
TMD pdfs.



Comparison with TMD factorization

* SCET formula with Impact Parameter Beam functions:

o HeB ©B s
dp3dY e

* SCET version of formula with TMDPDFs (Gao, Li, Lit)

d’o w F L d?b | FE - i
dudt > 10 N? /kol/ (2r)2" " k%{wuwt — ki — ME} Hy 9% w,, wy, s pir)
1y KL ¢

07
X Jg(wwoabLaMT)Jg(wtaovan:uT QQ(anabJ_nuT) - SOft function

* Field-theoretic operator definitions for TMDPDFs and Soft

function exist also in the traditional TMD formulation:
(Collins; Aybat, Rogers)

TMDPDF:

FPst(z, brs piyp — ys)

= Tre [ G P (/W (10/2,00, ) W (—10/2, 00, )b (—0/D) P ..

Soft function:

~ 1
Sw)(br;ya,yB) = F<O|W(bT/27 0o;ng)t, W(br/2,00;m4)aaW (—=br/2,00;n5)pW (—br /2, 00; nA):rlb|O>No S.I.-
Soft function and operator definitions absent in
P

Becher-Neubert formula)



Perturbative pT



Integrating Out the pT Scale

ONORCY4

d? ~ ~
’ ~H® B, B, @ S~

dpsdY \ /

iBFs are proton matrix elements
and sensitive to the
non-perturbative scale

* The iBFs are matched onto PDFs to separate the perturbative
and non-perturbative scales:

~

Bn — Ln,i 0 fiy

T

iBF Matching PDF
coefficient




iBFs to PDFs
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<€ \We are here
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* iBF is matched onto the PDF with matching coefficient defined as:

seitbun = L 3[Rt
< = —— — L = i/ plZ
n yUp 0L, 1 5 . o n;g,i - 1y M) Ji/P\Z 5 1
1=9,4,q .
Proton fragments into
* Tree level matching pT radiation beam jet
I(O)BO‘( t+ b ) — Oéﬁé‘(t-l—)é‘( _ i)
n;g,? Z y W g gJ_ Z/

* Finite part of iBF in dim-reg gives
matching coefficient at higher
orders.




Factorization Formula

* Factorization formula in full detail:
d20' B dCC'l
dp2. dY —1)2Q2
X ff@buﬂb,#Q ﬂT’g] $1ﬁbu1b,$mlnwyfﬂq*fup¢$pﬁmﬂf%u>1baMT)

l l N/

Hard function. Transverse momentum PDFs.
function.

* The transverse momentum function is a convolution of the iBF
matching coefficients and the soft function:

dxz dxl de

o [Py
gzj(ajljﬂjl’I'Q,xQ,pT,Y,/,LT) = /dt:/dtﬁ /( LQJo(‘bﬂpT)

X i)
Collinear pT emissions = X Iﬂa (x—/l, t:, b, ,uT) Iﬁa (m— t—,b0,, ,uT)

;9,1 n;9,] ;Y Vn
1 2

Soft pT emissions —_—> X S_l(gle —er \/p% + mi — IQQ —eF \/pT + mh — bL, ur)



Fixed order and Matching
Calculations



Hard Function

do N@@ - - |

All graphs scaless and
vanish in dimensional
regularization.

e NLO hard Wilson coefficient:

o X Ch - PN - Po Qg 11 72 ) n - Pin - Pa
C'(n - : — 1+ =C | _
(7 - p1m - Po, 1) . { +47r A[2 + 5 ~ln ( " )]}
e NNLO results known.

(Harlander,Kilgore;Anastasiou,Melnikov;Ravindran,Smith,Van Neerven; Ahrens, Becher, Neubert, Yang;)




Impact Parameter Beam Function (iBF)

d*o ~
—1
dp7.dY ~_
“unintegrated Beam Function” “unintegrated PDF”
(perturbative region) (non-perturbative region)

* Field-theoretic operator definition:

~ db— itiv
B (0, £ b 1) — / Ex Y Zm B (b, b0)|X)

initial pols.

X (Xn|6(P — 1m0 - pl)gBlnm( )] Ip1).

L] L]
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L] L]

L] L]

L] L]
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L] L]

L] L]

L]
L]
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L]
L]

* NLO result known. (SM,Petriello)
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Inverse Soft function (iSF)
o HeB b @@
dpsdY .

* Field-theoretic operator definition in position space:

S(b,p) =Y (0T [Tr (SﬁTDYg SnTCS);) (b)} X ) (X,|T [Tr (SnTCS;SﬁTDS;) (0)} 0)

* iSF is defined as
dbTdb™
CUl,CUQ,bJ_,,U / ’Lb+w1/2 b~ w2/2s_1(b+,b_,bj_)

D

TN

* NLO result known. (SM,Petriello)



Running



Running

e Factorization formula:
2
d“o

dp7dY

NH@Qij®fi®fj

* Schematic picture of running:

Pi*2 resummation

used.
(Ahrens, Becher,

Neubert,Yang)

H

v

fHQ ~ My

All objects evaluated at pT scale.

SCET Running No Landau Pole.

g@] " QU ~ pr

DGLAP Running

fi,fj

AQCD



Check of NLL with Fixed Order

Poy .. Ar? 1 ; " M3
ZZ,qq _ AT . 2“ 62__2 as(UR) D 1nm_2Z
dpzdY 3 sin“fy Y spp — 27 T

leading logarithmic : "L,

next-to-leading logarithmic : o”L*"~% (Arnold, Kaufmann;Ellis)

next-to-next-to-leading logarithmic : o L*"°.

LL 1Dy = A(l)fAfBa

Dy = BWfafp+ f5(Paqg® f)y+ fa(Pu® g,
Checked NLL -+ 1 e o ;

LL 2Dy = =5 [AD) fufe

3 3
Requires NLL 5Dy = —2AD [f5 (Poy @ f)a+ fa (P ® 1)) — |5AVBY = 50AD | fafs,

two loop «—— NNLL ,p, = {—A(l)fB (P, ® f)Aln% —2BW 5 (P ® f), — % [B(l)ffAfB

iBF and iSF , 4
(in progress; ‘|‘%A(1)fAfB ln;\% + iOB(l)fAfB — (Pyg ® f) 4 (Pyg @ [

Li, SM, Petriello) —fB (P ® Py ® f)A + B0 fB (Pyq ® f)A} +[A <+ BJ.




Numerical Results



do/dpr/dY (pb/GeV)
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* Prediction for Higgs boson pT distribution.



Z-production: Comparison with Data

VS = 1.80 TeV —
i PT2/2 S ,Usz = 2PT2
- ~M,%/2 £ pg® £ —2M,°
. 10.0 — z /RS Hg S Z —
5 : ¢ CDF Run I data ]
S 50 28 D DO Run I data —
a I |
N—" L
S
Q, 2.0 —
o
N
-g 1.0—
0.5 [
0'2 | | | | |
10 20 30 40 50
pr (GeV)

* Good agreement with data.

* Theory curve determined completely by perturbative
functions and standard PDFs.



Non-Perturbative pI Region



Non-Perturbative pI Region

* Non-perturbative region of pT:

—
—~—

< pr ~ AQCD

\ Distribution sensitive to
e transverse momentum
*}< dynamics in nucleon
* iBFs and iSF are non-perturbative:
2
d“o

NH En Bﬁ S_l
Y ® B, ® By ®




Non-Perturbative pI Region

* Non-perturbative region of pT:

—
—

< pr ~ AQC’D

\ Distribution sensitive to
transverse momentum

_()ﬁ >0
~—— dynamics in nucleon

* iBFs and iSF are non-perturbative: @gmed “ucleon
9 distribution amplitudes
d ol ~ ~ _1 (iBFs)
dprdy " PO b©s t
T Inverse Soft f@
e Soft factor can be absorbed into iBFs. (iSF)

This is usually done in the TMDPDF
formalism.



Non-Perturbative pI Region

* Non-perturbative region of pT:

d20' N N %pTNAQCD
~H® B, B, ® S

dpsdY =

* In order to smoothly connect non-perturbative
and perturbative regions, we still write

~ ~~

B, =1,;® [ Br =17, ® [;

non- non-
perturbative perturbative



Non-Perturbative pI Region

* Transverse momentum function (TMF) is now non-perturbative

d2
e N/H G fz\ & /fj

Hard function. Transverse momentum PDFs.
function (TMF).

l

Can make non-
perturbative model

Field theoretically Scale dependence and

defined object running known



Model for Non-Perturbative TMF
d’o

G (21, T, T, T, pr, Y, fir) =/ dpy ngt.(xl,xz,xiax’z,pT\/lJr(p’T/pT)Q,Y,MT)
0

X Gmod(p?lU a, b) A)) \
/

Model function Partonic function
(Hoang, Ligeti, Stewart, Tackmann)

* Model function:

2\ ¢! AV, o0 / ,
Gmod(plTaayba A) — al (pT> eXp[ — (pT b> }7 /() de Gmod(pTyafa b; A) = 1.

AQ

* Model reduces to the perturbative result for large pT:

L qrs / /

art,(xla X9, ajl) x2apT7 Y7 :uT) + O(
p
pT>Agcep pr

AQCD)

gqrs(xla Lo, C17/17 $,27pT7 Y) :uT)

* Similar to analysis done in CSS with “bmax”.



do/dp; (pb/GeV)

do/dpy (pb/GeV)

Including the Non-Perturbative Region
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* pT spectrum including the
non-perturbative region

5.0 F

2.0

1.0

0.5

* Model dependence restricted

| e . only to non-perturbative region
P owmmiew § 35 expected.
. L | | L



Summary

* Factorization formula:

T Hegiefef
dp7dY B

* Perturbative pT distribution given in terms of perturbatively
calculable functions and the standard PDFs.

* Non-perturbative pT region determined by unintegrated
nucleon distributions (iBFs) and inverse soft function (iSF).
Interesting objects worth further study; better understand
relationship to the TMDPDF formalism

* Smooth transition for spectrum from non-perturbative pT
to perturbative pT and large pT.

* Clear and well-defined field theoretic definitions of all
objects in the factorization theorem.









Factorization Formula

dzO' B dﬂ?l dﬂfg
dp2.dY —1)2Q? J, .

X H(xlax%MQ :uT gJ $1,$1,$2,$2,pT,Y KT fZ/P(I]_7II’LT)f]/P(:E27lLI/T)

da:l daz2

* One can express the formula entirely in momentum space:

i 1 S(pr — k- + k- + kL
gw(xlaaj/l?m?)x;?pT)YnuT) — —/dt:/dt% /koi_/ko’%—/koj— (pT ’ np—lz: - i - D

a L1 a L2 _
X Iggz<$/7t:7kj_ )Igg]<_/7tn7kJ_7MT)
1 2

- (le—ey\/p%+mh—— :ng—e‘Y\/pT+mh——, 7y



Check of NLL with Fixed Order

oz AT a5 os(pr) 1 M?2
IAdY 3 sy 2r sl {2 Crfop(xa, pr) fap(xB, pir) IHE
— 3Crfyp(xa, pr) fop(xp, pr) + forp(va, pir) (P @ fo/p) (25)
CF as 2#22 :u2Q 2
+ fap(xB, pr) (qu X fq/P) XA } |€Xp Ve —In"— +3In—" .
Q Hr Hr
2 2 2
d°0z4q _ 4T Z s HR D lanZ
dp2dY 3 sin%0 7 g m 2
Pr pT Pr
Lo T : . . _nr2n—1
leading logarithmic : o L :
next-to-leading logarithmic : a”L*"™2,  (Arnold, Kaufmann; Ellis)
next-to-next-to-leading logarithmic : a”L** 7.

LL
Checked NLL

LL

NLL
Requires

two loop «—— NNILL
iBF and iSF

(in progress:
Li, SM, Petriello)

1D1 — A(l)fAfBa

1Dy = B )fAfB+fB( Py @ )yt fa(Pyg® fg,

Dy = —5 [AV) fafp,

oDy = —gA(l) [fB (qu®f)A—|‘fA (qu®f)3} 214(1)3 6014 falB,

2D1: fB( qq®f) ]IL\;—];_ fB( qq®f) ;[ (1)}2fAfB
"‘50 1)fAfBl MR 50 1)fAfB_( qq®f)A(qu®f)B

_fB(qu®qu®f)A+ﬁ0fB(qu®f A}+[AHB]-
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